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The transport and deposition dynamics of hematite («x-Fe,03)
colloids in packed quartz sand media are investigated. Column
transport experiments were carried out at various solution ionic
strengths, colloid concentrations, and flow velocities. A colloid
transport model was proposed that includes the dynamics of block-
ing as well as multilayer deposition that takes place at high ionic
strengths where particle—particle interactions are favorable. Block-
ing dynamics in the model are described by either Langmuirian
adsorption (LA) or random sequential adsorption (RSA). Two im-
portant model parameters—the particle—-matrix collision effi-
ciency and the ionic strength dependent blocking (excluded area)
parameter—are estimated from the colloid breakthrough curves us-
ing a nonlinear optimization procedure. The collision (attachment)
efficiency for particle—particle interactions, on the other hand, was
determined independently from colloid aggregation rate measure-
ments. At very low ionic strength, only monolayer deposition is
observed and the RSA model gives a better description of the exper-
imental data than the LA model. At higher ionic strengths, multi-
layer deposition becomes significant and both models yield compa-
rable results. Calculated maximum surface coverages at low ionic
strengths were in good agreement with experimentally observed val-
ues obtained by scanning electron microscopy.  © 2000 Academic Press

Key Words: colloid transport; deposition dynamics; blocking
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INTRODUCTION

repulsive forces and is therefore strongly dependent on surfa
charge and solution chemistry (4).

A large number of studies have been conducted investigatir
initial colloid deposition kinetics in natural and model porous
media as a function of colloid size, surface properties, flow ve
locity, and solution composition (5—10). In this context, the tern
initial refers to the absence of a significant amount of deposite
colloidal particles on matrix surfaces. The results show that co
loid deposition in porous media follows a first-order kinetic rate
law and is largely irreversible at fixed chemical and physical cor
ditions (11, 12). For model systems, filtration theory has bee
developed to predict the initial deposition rate of colloidal parti
cles under favorable conditions, i.e., in the absence of repulsi
forces between colloidal particles and stationary matrix surface
(13, 14). In the presence of repulsive forces, however, the dep
sition rate is decreased by a factof0 < o < 1), which is often
termed the collision (or attachment) efficiency. In the presenc
of attractive electrostatic forces, the deposition rate can also |
slightly enhanceda > 1) at very low ionic strengths (15). At-
tempts to predict the attachment efficiency as a function of su
face charge and ionic strength based on the well-known DLV(
theory have not yet been satisfactory, tending to underestime
deposition rates in the slow regime & 1) by several orders of
magnitude (5, 16). This discrepancy between experimental de
and theory has at least in part been attributed to surface chal
heterogeneity of colloid and matrix surfaces, which appears 1
be important even in well-defined model systems (17).

In many practical situations, a continuos inflow of colloidal

Transport of suspended colloidal particles in granular pOroys icjes into a porous medium can occur. In such situations,

media s of fundamental importance in a variety of applied field, 5y surfaces are increasingly covered by deposited colloid
including water and wastewater treatment, industrial separatioiiicies the colloid deposition rate can either increase, rema
processes, and contaminant transport in natural subsurface &)itant or decrease with time (12, 18-20). A decrease in collc
vwonments (1-3). In addition to physllc_:al factors,. such as ﬂo&(eposition rate, associated with the so-cablstking effectis

velocity and pore stlructulre, the rr|1|ob|I|ty OI] cqllmdz;l pa,rt'cll‘?%bserved when the colloidal particles are stable so that repulsi
in porous media is largely controlled by physico-chemical ins, ticje_particle interactions predominate. In this case, only
teractions between the colloidal particles and between the pags g aver of deposited particles is formed, and the maximu
ticles and stationary matrix surfaces. The magnitude of thgggtiona| surface coverage depends on the ionic strength of t
interactions is determined by the balance between attractive Q| ion because of lateral electrostatic repulsion between c

loidal particles near the matrix surface. Constant or increase
170 whom correspondence should be addressed. E-mail: kretzschmd@/l0id deposition rates with time are commonly observe:

ito.umnw.ethz.ch. when the colloidal particles are unstable; i.e., particle—particl
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interactions occur and lead to the formation of multilayers aample was cooled to room temperature. Excess salts were
deposited particles on matrix surfaces. Both effects have beeaved by washing the particles twice with deionized water b
observed experimentally in model systems (19, 21, 22) as wedintrifugation and then dialyzing the suspension against deic
as natural subsurface porous media (12). ized water for 12 days. The resulting stock suspension was stol
Models have recently been proposed to describe blocking &f-a polyethylene bottle in the dark &t@.
fects in ideal model systems where repulsive electrostatic in-The hematite suspension was characterized by transmiss
terparticle forces predominate and multilayer deposition is nelectron microscopy, X-ray diffraction analysis, acid—base titre
feasible (18, 20, 23). Under these conditions where blocking atidins, electrophoretic mobility measurements, apeBET sur-
monolayer deposition prevail, experimental results are usualce area analysis (29). The hematite particles were of spheroi
in good agreement with model predictions (18, 20-22). Howghape and rather uniform in size, with an average diameter
ever, studies on the dynamics of colloid deposition under coh22+ 29 nm (800 particles measured by TEM). The specifi
ditions where multilayer deposition occurs are scarce (8, Xiyrface area of the particles was 27/gy according to the
22, 24). These models of multilayer deposition often consideiNg-BET method (30). Acid—base titration experiments and elec
simple Langmuirian blocking behavior to account for the cowrophoretic mobility measurements showed that the particles h
erage of the bare collector surfaces by the deposited particdepoint of zero charge (PZC) at pH 9.3, which is in excellen
(21, 24). Studies on monolayer deposition in granular poroagreement with theoretical considerations for the hematite st
media, however, strongly indicate that random sequential ddee (31). Mineral impurities were not detected in the sample.
sorption (RSA) blocking dynamics (18, 23) portrays the colloid
deposition behavior at higher surface coverages more accurat€iylumn Transport Experiments

Furth , the RSA blocking d ics is fund tally re- . . . . .
Urinermore, the ocKing cynamics 1s lundamenta’ly re Colloid deposition dynamics was investigated by conduc

lated to the electrostatic and hydrodynamic forces governing the . ¢ col A ' : s at diff tion
porous medium (8, 23) and, hence, is capable of relating the c'61|9 a stﬁrles 0” C.g umn raltws;ipr expegrr;len S al |.t<.eren cl?n:
loid deposition behavior to the physico-chemical conditions rengths, cofloid concentrafions, and flow velocilies. ol

a given system. Although the above features render this mo romatogr:;phy ctolumnds éOmn:fit, (;,r?mbridge,.fEnglland) Vlitl
superior to the Langmuirian blocking model, the influence cm inner-diameter and s-cm iength Were uniformly packe

RSA blocking dynamics on multilayer deposition of colloidaYVith quartz sand (Aldrich Chemical, Milwaukee_, WI)S Befor_e
particles has not been assessed so far. use, the sand was thoroughly cleaned by washing with sodiu

The aim of the present study was to investigate the dynamfy hionite (0.1 M Ng$,0,) and hydrogen peroxide (5%8,)

of colloid deposition as a function of ionic strength, flow rat S,O utions, followed by washing with concentrated hydrochlo

and particle concentration using a model system consistingrlﬁ acid (12 M.HC|) .and' deionized water. The sand grain
quartz grains as the porous medium and hematit&eb0s) were rather uniform in size and had an average diameter
particles as mobile colloids. A transport model is developed th%t?om 300“”?' .
accounts for hydrodynamic dispersion, blocking effects, arn The expferlmental setup used for the tranqurt experlment_s
multilayer deposition of hematite particles on surfaces of quall strated in Fig. 1. The S?‘”d columns were first flushed wit
grains. Two different blocking functions, namely, Langmuiria Oz gas to replace th'e air and were .then water saturated
(LA) and random sequential adsorption (RSA), were used aRgssing a NaN@squtlon (0__100 mM; pH 5.8) through the
compared for their ability to describe the experimental data. lumn in the upward_ direction at a rate of 1.3 ml/min. The
addition, the maximum surface coverage at low ionic streng W rate of the solution was controlled by an HPLC pumy
was determined by direct counting and was compared wi ASCo, Jgpan_). The columns were _then connepted 10 an a
model calculations. The hematite—quartz system was choé'é)ﬂal peristaltic pump (Is'matec, SW'.t zerland; with Masterfle>
because it is environmentally relevant but yet sufficiently We@_wck-Load Head) delivering aW?"'F"SperS?d hematite SUspe
defined to allow a quantitative analysis of the data. Iron oxi 2on (1_11 _mg/L; pH 5.8). To minimize pa_rtlcle aggreg_atlon a
colloids are common in subsurface aquatic environments and her ionic strengths, the two feed solutions were mixed at

potentially serve as carriers for groundwater pollutants (25—272 ume ratio of 1 1 shortly before the cqlumn inlet, rgsultlng
In an inflow hematite particle concentration of approximatel

55 mg/L. This particle concentration corresponded to approx
mately 18° particles/L (Table 1). Atthe column outlet, a 0.1 g/L
hexametaphosphate (HMP) solution was added to the column
fluent to stabilize the colloidal particles using a second HPL

Submicrometer-sized hematite particles were synthesizedgaymp set to 0.25 ml/min. HMP strongly adsorbs to the hemati
aging a concentrated iron hydroxide gel (28). The gel was pmairface and causes charge reversal from positive to negati
pared by adding 100 mifé& M NaOH (Merck, p.a.) to 100 ml which prevented colloid attachment to walls of tubings and vial
of 2 M FeCk (Fluka, p.a.) in a Pyrex glass bottle and mixin@nd also prevented particle aggregation prior to determinatic
with a propeller stirrer for 10 min. The bottle was tightly cappedf particle concentration. The stabilized effluent suspension w
and placed in an oven set to X@for aging. After 72 h, the collected in regular time intervals using an automated fractic

EXPERIMENTAL

Colloidal Hematite Particles
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Scanning Electron Microscopy

Colaciorn After completion of the colloid transport experiments, the
sand was carefully removed from the columns and placed |
| | ultrafiltered, deionized water. The water was exchanged seve|

times with acetone. Single sand grains were air dried, mounte
| Sand Column on sample holders for scanning electron microscopy (SEM), ar
[ sputter-coated with 5-nm platinum. The samples were viewed
: a high-resolution SEM (Hitachi S-900 field emission scannin

=
| ":'_.F' .___; | = =rachon
s

HKP Sallion

B | electron microscope) setto 20-keV accelerating voltage and se
— — ondary or backscattered electron imaging modes. The surfa
o P1) -F:E‘_;- coverage with colloidal particles was determined by countin
| o P the hematite particles on a total quartz grain surface area
Salt Solubon Collokd Suspensson 288,um2.
(NaMC,, pH 5.8} (hermadite in HC, pH 5.8)
FIG.1. Schematic drawing of the experimental setup used for colloid trans- MATHEMATICAL MODELING

port experiments. A 1: 1 electrolyte solution (Naj)@vas pumped through the
sand column using HPLC pump P1. Colloidal hematite particles were addedltbhe Colloid Transport and Deposition Dynamics Equation

the inflow solution shortly before entering the column using peristaltic pump P2. . .
At the column outlet, a dilute hexametaphosphate (HMP) solution was addedUnder steady-state saturated flow conditions, the evolutic

using HPLC pump P3 to stabilize the colloidal particles in suspension. The efftaf the suspended particle concentrati®fx, t) as a function of
ent suspension was collected with a fraction collector and analyzed for partigigye| distancex and timet can be described by an advection-
concentration. dispersion transport equation including a term to account for tf

) ] ] deposition of colloidal particles to stationary matrix surface:
collector and analyzed for colloid concentration by light at{B 18):

sorbance at 430 nm. A series of standard hematite suspensions

was used for calibration. All transport experiments were carried )

out at pH 5.8 and 2%. %z Dhﬁ—v ac _ fa_CS, [1]
The sand columns were characterized by saturating them with ot axz P oax ot

0.1 M NaCl solution and injecting a 0.1-ml pulse of 0.001 M

NaNO; solution. The nitrate concentration in the effluent waldere,Dn is the hydrodynamic dispersion coefficient for colloidal

monitored using an on-line UV-VIS detector set to a wavdarticles,v, is the average interstitial velocity of colloidal par-

length of 220 nm. The first and second moments of the ficles, andf is the bare matrix surface area available for colloic

trate breakthrough curves were analyzed numerically to detégposition per unit pore volume.

mine the column pore volume and dispersivity, respectively (32).In our model, the surface concentration of deposited particle

In the model calculations, a theoretical dispersivity value w&s(X, t) is given by

used, as explained below. This theoretical value was in good

agreement with experimental values resulting from tracer pulse aCs
experiments. ot [kocB(®) + kopt ] C. [2]
TABLE 1 whereky is the deposition rate of colloidal particles to bare
Experimental Parameters for the Colloid Transport Experiments  matrix surfaceskyy, is the deposition rate of colloidal particles
(Measured Values) to previously deposited particles attached to matrix surfadss,
Colloid NaNO; the fraction of the bare surface covered with colloidal particles
Experiment Flow velocity concentration concentratior@NdB(0) is a so-called dynamic blocking function. The last term
number [104 m/s] [10' particles/L] [mM] in EQ. [2] accounts for the multilayer deposition of the particles
and does not incorporate any additional blocking (or ripening
1 2.38 1.21 <0.01 : ; o . ;
> 208 107 0.10 meche_lr_usm since it is assumed that t_he rate of partlcle_—partlc
3 212 114 306 depositionkyp, isindependent of the thickness of the multilayers
4 2.46 1.25 9.43 formed. Thus, possible increases in the overall deposition ra
5 211 1.09 31.00 withtimeduetoanincrease inthe effective surface area availat
6 2.06 1.06 105.00  for colloid capture cannot be described by the model. It should k
7 1.06 111 0.10  noted, however, that the model may be extended to account f
g ‘2‘-(2)2 é-g; 8-18 such effects by including a parameter mathematically analogo

to the dynamic blocking function in the last term of Eq. [2].
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Equations [1] and [2] can be combined, yielding paper. The first is based on the Langmurian adsorption (LA
c 2c c model with
d 0 0
T Dhﬁ U f[kpcB(9) + kopf]C.  [3] B(O) = 1— g6, [7]
Th_e dispersion coefficierid, was calculated from the relation-Tne second is based on the random sequential adsorption (RS
ship (33) model (18, 23)
Dh = Deo/7 + avvp, [4] 63 40 176
. o o BO)=1-4p0+ i(ﬁe)” (‘ - —z)(ﬁ9)3, [8]
whereD, is the Stokes—Einstein particle diffusion coefficiant, 4 V3r 3w

Is the tortuosity of the medium, aad is the dispersivity param- \é/pere the cubic polynomial expression is valid up to a fraction:
eter. The dispersivity parameter was obtained from tracer exper- ; ! o
P yp P verage of ca. 0.4 (23). The parameteis defined as the in-

iments performed using quartz sand grains in columns identi¢3

h inth h | fth se of the maximum fractional surface coveragje{1/6max)-
58;5 (;sxe fgidr:]n the present study, and the value of the param %ting that Egs. [7] and [8] are modifications of the hard-spher

blocking behavior (inwhich casg,= 1) to account for the elec-
Boundary and Initial Conditions trostatic repulsion between the deposited particles, the blocki

) ) ) ) ) ér?lr excluded area) parametgreflects the deviation of the max-
The governing differential equation for the coupled colloi¢,,m surface coverage from the hard-sphere jamming limi

transport and deposition model, Eq. [3], can be solved numej;e 1o electrostatic forces. Because of lateral electrostatic 1
cally for a given set of operating conditions to yield the colloﬁ

\ - ulsive interactions between particles near the matrix surfac
breakthrough curves, which represent the evolution of the effly blocking parametss is expected to increase with decreas

ent colloid concentration (scaled with respect to the feed CAfg ionic strength (18, 36). It is important to note that in light

centration) with time. The boundary conditions at the columgy he different maximum allowable surface coverages in th

entrance and exit used in conjunction with the above tranSpEQngmuir @LA = 1) and the hard-sphere RSAREA = 0.546)
max :

model are, respectively (18, 19, 24), models (18, 21, 23), the paramefeshould be interpreted dif-
ferently when using Egs. [7] and [8]. Further differences in th

C=Co att>0andx=0 [5a] interpretation ofg in the LA and RSA models are pointed out
Z_S(: —0 atx=Lforallt [5b] in the Results and Discussion section (18, 36).

) ) Model Parameters
whereL represents the column length aBglis the colloid con-

centration in the column influent. Finally, the initial conditions In both models, the change in surface coverageth time

for the problem are can be expressed as
= a6
C=0 forO<x<Landt<0 [6a] = kpcB(Q)nagc. [9]
and

The overall colloid deposition rate constakgsandk,p in gran-
#=0 forO<x<Landt<0, [6b] ular porous media can be interpreted as the product of the f
deposition rate under favorable conditideigin the absence of
where the statement in Eq. [6b] defines the initial condition fliectrostatic repulsive or attractive forces) and a collision e

Eq. [2]-. N ) _ ficiency for particle—matrix and particle—particle interactions
Solution of the transport and deposition equation [3] providegspectively,

the particle breakthrough curves as well as the complete time

evolution of the fractional surface coverage. The appropriately Koc = Kfarpe [10]
nondimensionalized governing transport equations were solved

numerically using the method of lines coupled with a backwarg, g

difference scheme for the time integration (34, 35). The model,

as outlined above, still requires an independent mathematical Kop = K'atpp. [11]
expression for the dynamic blocking functioB(#), and the

pertinent formulations for this function are presented next.  The injtial deposition rate under favorable conditickiscan be
calculated from filtration theory (4, 13).
The blocking and multilayer deposition model describet
Different expressions have been proposed for the dynanaicove is schematically illustrated in Fig. 2. Atlow ionic strength
blocking functionB(#), two of which will be compared in this the collision efficiency for particle—particle interactiongp, is

Dynamic Blocking Functions
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FIG.2. lllustration of the colloid deposition model with blocking effect and
multilayer deposition. (a) At low ionic strength, low particle—particle collision
efficiency app and high blocking parameted lead to the development of a
thin monolayer. (b) At medium ionic strength, low particle—particle collision
efficiencyapp and decreased blocking parametdead to a denser monolayer
coverage. (c) At high ionic strength, high particle—particle collision efficiency
app and low blocking parametet lead to multilayer deposition.

very low and the blocking parametgris high, resulting in a
sparse monolayer at maximum coverage. With increasing ionic
strength theg parameter increases, resulting in a denser mono-
layer coverage. Further increases in ionic strength lead to in-
creasedypp and hence result in multilayer deposition, described
in this model by stacking of particles in a string-like fashion.

For a given set of hydrodynamic and physico-chemical con-
ditions, the present model can be used to determine the break-
through behavior, provided three parameters, namely, the colli-
sion efficienciesdp. andayp) and the blocking parameteg)
are known independently. The collision efficiencies for particle—
matrix and particle—particle interactions and the blocking param-
eter strongly depend on the surface charge of the colloids and
matrix surfaces and on the ionic composition of the medium. In
this study, the collision efficiency for particle—matrix collisions,
apc, and the blocking parametet, were estimated by reconcil-
ing the experimental breakthrough data and the deposition model
described above using a nonlinear optimization procedure. The
Levenberg—Marquardt method (37) was used to estimate the two
deposition parameters by minimizing the sum-squared errors
between the experimental and theoretical particle breakthrough
profiles. The collision efficiency for particle—particle collisions
of hematite colloids was determined independently from aggre-
gation rate measurements in dilute suspensions using dynamic
light scattering (29).
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RESULTS AND DISCUSSION

The results of the colloid transport experiments conduct'grﬁz
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(a) Breakthrough curves of hematite colloids through columns

packed with quartz sand at differentionic strengths. Lines represent model calc
. . lations based on estimated parameters obtained with the Langmuirian blocki
Influence of lonic Strength on Colloid Transport function and multilayer deposition. (b) Collision efficiencies for particle—matrix
ractionsppe, and particle—particle interactions,p, as a function of ionic

. o > ngth of the solution. (c) Blocking paramefgras a function of ionic strength
at different ionic strengths (Experiments 17, Table 1) are prigzolution. The two parametessc andg were fitting parameters, whereag,

sented as breakthrough curves in Fig. 3a. In all experiments, @ determined independently.
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relative colloid concentration in the efflue@y Cy increased to Fig. 3b are strongly ionic strength dependent, as expected frc
values around 0.15 after the first pore volume. This initial colloidLVO theory. At low ionic strength, the particles are very sta
breakthrough depends on timitial deposition rate of colloidal ble due to electrostatic repulsion between the positively charg
particles on the clean quartz grains. Since the hematite colloltsmatite colloids. With increasing ionic strength, the surfac
and quartz grains possess opposite surface charge, fast depbsirge is increasingly screened, resulting in increased col
tion kinetics is expected ~ 1). At very low ionic strengths sion efficiencies for aggregation or multilayer depositi@g).
(<10~* M), the deposition rate may be even slightly acceleAt very high ionic strength, the collision efficiency reaches :
ated pc > 1) due to the enhanced long-range electrostatic atlue of unity, as would be expected from DLVO theory. The
traction between positively charged hematite colloids and ndgecking parametep is near unity at high ionic strength and
atively charged quartz surfaces. Further evolution of the colloidcreases with decreasing ionic strength, implying that at lo
concentration with time was strongly ionic strength dependeitnic strength a single deposited particle is blocking a large
At the lowest ionic strength (DI-5D), the colloid concentration surface area than that at higher ionic strength. Thus, the dep
increased rapidly and reach€f Cy, = 1 after about 100 pore dence of the blocking parameter on electrolyte concentration
volumes. This breakthrough behavior indicates that the maki-conformity with theoretical expectations.
mum surface coverage is rather low and that multilayer depo-The model calculations and the estimated model paramete
sition is negligible, due to electrostatic repulsion between tibased on random sequential adsorption (RSA) and multilay
colloidal particles at low ionic strength. When the ionic strengttleposition are depicted in Fig. 4. This model was clearly mot
was increased to 0.1 or 3 mM NaN@he colloid concentrations accurate in describing the development of colloid concentr:
inthe effluent also reach&) Cy = 1, but much more gradually. tions with time at low ionic strength, where the blocking effec
Thus, multilayer deposition was still negligible, but the maxiis dominant. The better performance of the RSA blocking func
mum surface coverage was increased due to increased screetimgover the Langmurian blocking function is most pronounce
of particle surface charge. When the ionic strength was furthetr intermediate to high surface coverage relative to the ma
increased, multilayer deposition became important and the Bftum surface coverage, that is, in the later stages of collo
fluent concentrations leveled off@y Cy < 1, depending on the deposition. At higher ionic strength, where multilayer deposi
rate of particle—particle interactions. tion occurs, small deviations between the experimental data a
The lines in Fig. 3a represent the best fit descriptions tife model calculations remain. These deviations may be relat
the experimental breakthrough curves with the model basedtorthe simplifying assumption that multilayers build up only in
the Langmuirian blocking function and multilayer depositio chain-like fashion on top of colloidal particles attached to th
(Egs. [3] and [7]). In the model breakthrough curves, the estjuartz surfaces (Fig. 2). The model parameters again behave
mated collision efficiency for particle—matrix interactionge, expected, withy,. close to unity and largely independent of ionic
and blocking parametes, were used. As mentioned earlier, thestrengthg,, strongly ionic strength dependent, ghihcreasing
collision efficiency for particle—particle interactions,,, was with decreasing ionic strength.
determined independently by dynamic light scattering experi-At this juncture, one should note that the values of th
ments in dilute suspensions (29). Overall, the model descrili#ecking parametep obtained using the LA and RSA mod-
the features of the colloid breakthrough curves at different ionéds (Figs. 3c and 4c) differ by a (nearly) constant factor of 0.4
strengths rather well, although small deviations still remain. ABrsa ~ 0.448.4). This difference stems from the different def-
the lowest two ionic strengths, where the blocking effect is dormitions of the blocking parameter embedded in the two blockin
inant, the model does not accurately describe the change in oedels. From Egs. [7] and [8], it can be seen that the dynam
position rate at high surface coverages, i.e., wgag At the blocking functionB(#) becomes zero whesp = 1 for the LA
highest ionic strength, where multilayer deposition is dominantiodel and wherg6 = 0.442 (the real root of the cubic equa-
small deviations from the experimental data also occur. tion) for the RSA model, respectively. Thus, for a given surfac
Figures 3b and 3c show the three model parametgesyp,,  coveraged, the parameteg predicted by the RSA model will
and 8, as a function of solution ionic strength. The particlebe approximately 0.44 times the corresponding prediction bas
matrix collision efficiency is always expected to be unity, witlon the LA model.
a slight increase at very low ionic strengthl0~* M), because
of electrostatic attraction between positively charged hematigaximum Surface Coverage at Low lonic Strength

colloids and negatively charged quartz surfaces. As evident in . . . .
Fig. 3b, the fitted value foiye was only slightly greater than_ The transition from monolayer to multilayer deposition with

unity, and it indeed exhibited a slight increase at very low ionfgcrgasin.g ionilg strfengthr:/vas T\Iso studiehd by 3xafmri]ning sing
strength. Since filtration theory was used to calculate the raxgnd grains taken from the columns at the end of the transp

of fast deposition, based on the assumption of a packed bed of
uniform and smooth spherical collector grains, deviations from, This value differs from the jamming limit of the hard-sphere RSA model

the gxpected value are most likely QUe to surface rOUghne$S @¥he), owing to our use of the low to moderate coverage virial form of th
nonideal shapes of the quartz grains. g values shown in dynamic blocking function in Eq. [8].



38

cre,

_—
O
N—

Attachment Efficiency, «

_—
)
~—

Blocking Parameter, 8

KUHNEN ET AL.

[ DI—HZO O 1=943mM
O |I=0.10mM A [|=31mM
® |=306mM A |=1056mM

10'

50 100 150 200 250 300

Pore Volumes

O—_

\ T

O/O—O\
/\/g

A

(04
DI-H,0 po

6

1x10™ 10° 10* 10"
lonic Strength (M)

10° 1x10°

a
—

\

DI-H,0

—N

Sa

10° 1x10°

T 1T IIIIII
1x10* 10° 10*® 10"
lonic Strength (M)

experiments by scanning electron microscopy. Figure 5a sho
a typical sand grain, illustrating that the grains are nonspheric
and exhibit significant surface roughness. Figures 5b, 5c, and
show backscattered SEM images of representative areas on s
grains from the experiments conducted with hematite suspend
in DI-H,0, 0.1 mM NaNQ@, and 3 mM NaNQ, respectively.
At very low ionic strength, only a monolayer of single hematite
particles was observed on the surfaces of quartz grains (Figs.
and 5c¢). The density of particles on the surface increased with i
creasing ionic strength, in accordance with the decregswith
increasing ionic strength. At higher ionic strength, clear multi
layer deposition was observed, due to attachment of suspenc
hematite particles to previously deposited hematite particles c
the surface. Thus, these results are in qualitative agreement w
the model parameters given in Figs. 3 and 4.

For the two lowermostionic strengths, where only monolayer
of hematite particles were formed and complete particle brea
through C/Cy = 1) was reached at the end of the experiment:
an attempt was made to experimentally quantify the maximut
surface coverage by counting the attached particles on scann
electron micrographs. The results are given in Table 2 and a
compared with the calculated maximum surface coverages f
sulting from mass balance calculations and LA- and RSA-base
model parameter estimation. In the mass balance calculatiol
the amount of attached particles at maximum surface covera
was estimated from the area above the breakthrough curve, t:
ing C/Cy = 1 as the upper boundary and correcting for the firs
pore volume (19). The maximum surface coverage for the tw
ionic strengths obtained by SEM was in good agreement wit
the values resulting from model calculations and mass balanc
with a slight tendency of yielding lower values. Again, this de-
viation may be explained by a higher surface area of the quar
sand than that assumed in the model calculations, due to po
dispersity and nonspherical shape of the sand grains (Fig. 5a).
the model calculations, the surface area of the quartz sand w
estimated from the average grain size assuming spherical sha

Effects of Particle Concentration and Flow Velocity

Three additional transport experiments were conducted
test the ability of the models to predict the colloid breakthroug|
curves at different influent particle concentrations and flov

TABLE 2
Maximum Surface Coverage at Low lonic Strength Measured by
Direct Counting on Scanning Electron Micrographs (SEM), Mass
Balance Calculations, and Fitting of the Langmuirian- (LA-) and
Random Sequential Adsorption- (RSA-) Based Transport Models

FIG. 4. (a) Breakthrough curves of hematite colloids through columns

. . oo . Maximum surface covera
packed with quartz sand at different ionic strengths. Lines represent model gghic strength Gbimax

culations based on estimated parameters obtained with the random sequentiaI[M] SEM2 Mass balance LA fit RSA fit
adsorption blocking function and multilayer deposition. (b) Collision efficien

cies for particle—matrix interactionspc, and particle—particle interactiong,p, <10° 0.10+ 0.01 0.15 0.15 0.17
as a function of ionic strength of the solution. (c) Blocking param¢ieas a 1074 0.194+ 0.02 0.21 0.21 0.23

function of ionic strength in solution. The two parametggsandp were fitting

parameters, whereagp was determined independently. aThe total analyzed surface area for each sample wagp868
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FIG. 5. Scanning electron microscopy images of a typical quartz grain (a) and hematite particles deposited on the quartz surface at the end of
experiments conducted at different ionic strengths:<(bp—> M (DI-H20), (c) 0.1 mM NaNQ, and (d) 31 mM NaN@.

velocities. The experimental results along with model predipredicted breakthrough curves (lines) based on the LA ar
tions using the LA-based model are presented in Fig. 6. SimiRSA models also correctly account for the influence of flov
predictions were also obtained with the RSA-based transpudiocity on the deposition behavior. Increasing flow veloc
model (Fig. 7). The experimental breakthrough curves shovtg results in a greater initial colloid breakthrough after one
with open circles were used to estimate the three depositipare volume and a faster blocking of quartz surfaces ther
parametersy,c, app, and 8. Assuming that these parametersafter while decreasing the flow velocity has the opposite e
particularly 8, depend predominantly on the ionic strength, anigct. It should be kept in mind, however, that the coefficients c
do not vary appreciably over the range of particle concentratiotiee RSA blocking function, Eq. [8], are susceptible to mod
orapproach velocities used in the study, the breakthrough curifesation due to the hydrodynamic interactions (18, 38) anc
shown with solid symbols were predicted using these parantmnsequently, should depend on the approach velocity. Tt
ters. As evident in Figs. 6a and 7a, both LA and RSA modghplies that the blocking parametgrshould depend on the ap-
predictions (lines) correctly accounted for the experimental deroach velocity, which was not considered in the predicte
pendence of the breakthrough behavior on changes in the féeeglakthrough curves. The slight deviations between the pr
colloid concentration. When the particle concentration is ddicted and experimental breakthrough curves in Fig. 7b migl
creased, it takes a much longer time to reach the maximum she- attributed to such a phenomenon. However, this point wi
face coverage and to decrease the overall deposition rate to zesb pursued further since the small discrepancies may al
(i.,e.,C/Cp=1). arise due to several other competing factors, including tt

The influence of the flow velocity on the breakthrough beassumptions in the model and irregularities in the collectc
havior is shown in Figs. 6b and 7b. It is evident that thgeometry.
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FIG. 6. Breakthrough curves of hematite colloids through columns packe
with quartz sand at (a) different initial particle concentrations and (b) differe
flow velocities. The experimental breakthrough curve plotted with open circl
was used to estimate the particle—matrix collision efficiemgyand the block-
ing parametep at 10 M ionic strength based on the Langmuirian blocking
function. The experiments shown with solid symbols were predicted using t
same model parameters.

CONCLUDING REMARKS

The results of this study demonstrate that, in the case of op|
site charge of colloid and collector surfaces, the ionic strenc
dependent colloid transport behavior in granular porous me

can be described quite accurately by a model accounting tor

ETAL.

the influence of surface blocking by attached colloidal particle:
Both models were able to correctly predict the influence of flov
velocity and initial particle concentration on the colloid break-
through curves. Maximum surface coverages calculated by tl
models were in good agreement with values determined by ¢
rect particle counting of SEM images. Although both the LA
and RSA models appear to predict the breakthrough behavi
reasonably well, a closer inspection of the theoretical predic
tions suggests that the RSA model provides a better explanati
of the particle deposition behavior at higher surface coverage
This result is particularly encouraging in light of the fact that
the present theoretical approach employs the same number
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blocking effects at low ionic strength and additional multilayer FIG. 7. Breakthrough curves of hematite colloids through columns packe
deposition at moderately high ionic strengths. Two different dysth quartz sand at (a) different initial particle concentrations and (b) differen

namic blocking functions were compared, the Langmuirian (Lﬁg"v

model and the random sequential adsorption (RSA) model.

velocities. The experimental breakthrough curve plotted with open circle
as used to estimate the particle—matrix collision efficiengyand the blocking
ametep at 10-4 M ionic strength based on the random sequential adsorptiol

results at low ioni_c strengths indif-:ate that th_e RSA quel MOPRcking function. The experiments shown with solid symbols were predicte
accurately describes the dynamics of colloid deposition undeing the same model parameters.
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adjustable parameters when using either the LA or the RSA Elimelech, M.}J. Colloid Interface Scil46,337 (1991).
blocking models. The better performance of the RSA mod&- Litton, G. M., and Olson, T. MEnviron. Sci. TechnoR7, 185 (1993).

suggests that it captures the essence of the deposition medfa

nisms observed in the experiments more closely than the

18.

Litton, G. M., and Olson, T. MJ. Colloid Interface Scil65,522 (1994).
Johnson, P. R., and Elimelech, Mangmuirl11,801 (1995).

Liu, D., Johnson, P. R., and Elimelech, Environ. Sci. TechnoR9, 2963

model. Thus, the theoretical approach presented here seems tg;9gs).

quantitatively explain the main features of colloid transport arab. Song, L., and Elimelech, MColloids Surf. A73,49 (1993).
deposition phenomena observed in granular porous media &hdPrivman, V., Frisch, H. L., Ryde, N., and Matijevic, H.,Chem. Soc.
might as well be used for prediction of the colloid breakthrougzh2

behavior with changes in physico-chemical conditions.
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